Outer membrane proteins are essential for Gram-negative bacteria to rapidly adapt to changes in their environment. Intricate remodelling of the outer membrane proteome is critical for bacterial pathogens to survive environmental changes, such as entry into host tissues [1] [2] [3] . Fimbriae (also known as pili) are appendages that extend up to 2 μm beyond the cell surface to function in adhesion for bacterial pathogens, and are critical for virulence. The best-studied examples of fimbriae are the type 1 and P fimbriae of uropathogenic Escherichia coli, the major causative agent of urinary tract infections in humans. Fimbriae share a common mode of biogenesis, orchestrated by a molecular assembly platform called 'the usher' located in the outer membrane. Although the mechanism of pilus biogenesis is well characterized, how the usher itself is assembled at the outer membrane is unclear. Here, we report that a rapid response in usher assembly is crucially dependent on the translocation assembly module. We assayed the assembly reaction for a range of ushers and provide mechanistic insight into the β-barrel assembly pathway that enables the rapid deployment of bacterial fimbriae.
Outer membrane proteins are essential for Gram-negative bacteria to rapidly adapt to changes in their environment. Intricate remodelling of the outer membrane proteome is critical for bacterial pathogens to survive environmental changes, such as entry into host tissues [1] [2] [3] . Fimbriae (also known as pili) are appendages that extend up to 2 μm beyond the cell surface to function in adhesion for bacterial pathogens, and are critical for virulence. The best-studied examples of fimbriae are the type 1 and P fimbriae of uropathogenic Escherichia coli, the major causative agent of urinary tract infections in humans. Fimbriae share a common mode of biogenesis, orchestrated by a molecular assembly platform called 'the usher' located in the outer membrane. Although the mechanism of pilus biogenesis is well characterized, how the usher itself is assembled at the outer membrane is unclear. Here, we report that a rapid response in usher assembly is crucially dependent on the translocation assembly module. We assayed the assembly reaction for a range of ushers and provide mechanistic insight into the β-barrel assembly pathway that enables the rapid deployment of bacterial fimbriae.
Most of the integral membrane proteins in bacterial outer membranes are β-barrels, and their assembly requires a complex process in which amphipathic β-strands of these polypeptides are inserted into the outer membrane in order to assemble the functional, membrane-spanning form of a β-barrel protein [4] [5] [6] [7] . Through the course of evolution, the Omp85 proteins, BamA and TamA, have adapted to form the β-barrel assembly machinery (BAM) throughout the diverse lineages of bacteria with an outer membrane 8 . As with many protein translocation machines, the BAM is modular. For example, in Escherichia coli the core BAM complex is formed from BamA in conjunction with the lipoproteins BamB, BamC, BamD and BamE (refs 9,10) , and the translocation and assembly module (TAM) is formed from TamA in association with the inner membrane protein TamB (refs 11-14) . The TAM is enigmatic: under laboratory conditions, tamA and tamB from E. coli are dispensable for growth, but in mouse models of infections, tam mutants of various pathogens are diminished in virulence, suggesting that the function of the TAM is important to pathogenesis 5 . Furthermore, the TAM is conserved through evolution, with the diagnostic subunit TamB being found broadly in bacteria with outer membranes 8 . The TAM drives the efficient assembly of the outer membrane proteins referred to as autotransporters, and current speculation suggests that TamA and BamA will share a common mechanism in their function 9, 10 . However, because the TAM is conserved even in species of bacteria that do not encode autotransporters 8 , it seemed likely that it functions more broadly in outer membrane protein assembly.
To dissect the mechanistic details of β-barrel assembly in vivo, we established an assay to monitor the assembly of proteins into bacterial outer membranes in live cells and have been surveying substrate proteins to understand their requirements for assembly. Here, we show that the efficient assembly of usher proteins is mediated by the BAM complex and the TAM. The assay system for the first time provided the means to demonstrate that assembly of β-barrel proteins like the usher occurs from the C-terminus. In the absence of the TAM, assembly of the usher proceeds, but slowly. Thus, the BAM complex and the TAM appear to function synergistically in the assembly of FimD and other ushers, and the TAM is therefore important for the rapid deployment of fimbrial extensions from the surface of bacterial pathogens.
Results
The crystal structure of the fimbrial usher protein FimD revealed an intricate, five-domain architecture: a β-barrel domain, incorporated into which is a β-sandwich plug domain, an N-terminal periplasmic domain (NTD) and two C-terminal periplasmic domains (CTD1 and CTD2) 15, 16 , all of which are involved in the extrusion of fimbriae through the bacterial outer membrane ( Supplementary Fig. 1 ). We developed an assay to monitor the assembly of FimD, optimizing the use of a rifampicin-blocking technique 17 to prevent over-expression while allowing selective labelling for proteins of interest with 35 S-labelled amino acids in vivo (Supplementary Fig. 2 ).
Biochemical analysis of the FimD β-barrel shows a surfaceexposed, protease-sensitive loop between β-strands 13 and 14 ( Fig. 1a ) 15, 16 . In correctly assembled FimD, the protease-sensitive loop can be cleaved: when Proteinase K was added to wild-type E. coli, fragmentation of 35 S-labelled FimD into ∼50 and ∼40 kDa fragments was observed (Fig. 1b) . Mass spectrometry ( Supplementary Fig. 3 ) revealed that the larger fragment (Fig. 1b , 'N') corresponds to the N-terminal region including the NTD, the first 13 strands of the β-barrel and the plug domain. The smaller fragment (Fig. 1b, 'C' ) corresponds to the remaining 11 β-strands and the CTD1 and CTD2 domains. To verify the site of cleavage biochemically, a Tomato Etch Virus protease (TEV) cleavage site was engineered into the loop between β-strands 13 and 14 of FimD (Fig. 1a, asterisk) . The products generated by TEV cleavage were observed to be of the predicted size (Fig. 1c) , and consistent with the mass spectrometry data ( Fig. 1d and Supplementary Fig. 3 ).
The assay system provided the means to test for the directionality of β-barrel insertion into the outer membrane. Detailed analysis of the early minutes of the FimD assembly time course (Fig. 1e) showed that the C-terminal fragment forms earlier than the N-terminal fragment (Fig. 1f ) . We interpret this to mean that the incompletely assembled N-terminal part of FimD is sensitive to protease due to incomplete strand insertion and/or loop compaction. This first S-cysteine for 40 s, followed by a 60 min chase with unlabelled methionine and cysteine. Aliquots were taken at 10 s and 2, 5, 10, 15, 30 and 60 min. At each time point, aliquots were treated with or without Proteinase K (PK) for 10 min, as indicated, followed by TCA precipitation. Analysis was by SDS-PAGE, phosphor imaging and densitometry. The 50 kDa N-terminal fragment and 40 kDa C-terminal fragment are indicated. c, E. coli cells harbouring pKS02 (FimD) or pCJS29 (FimD, with an engineered TEV site in extracellular loop 7) were assayed as in b, except that they were chased for 30 min. After protease treatment and TCA precipitation, analysis was by SDS-PAGE, phosphor imaging and densitometry. d, MS1 chromatographic peak-area-based quantitation, where peptide coverage is plotted as a normalized heat map: red shows high abundance in peptide recovery, pale pink shows minimal detection of peptides, and white represents complete absence of peptides (for details see Supplementary Fig. 3 ). e, E. coli cells harbouring pKS02 were assayed as in b, to measure the assembly of FimD over 4 min. Aliquots were taken at 20 s intervals and treated with Proteinase K, followed by TCA precipitation for analysis by SDS-PAGE, storage phosphor imaging and densitometry. f, Plot of normalized band density of each fragment versus time (N-terminal, red circles; C-terminal, cyan squares), from the primary data shown in Fig. 2e . Error bars represent the standard deviation of four biological replicates. g, Diagrammatic representation of FimD folding, from the C-terminal end. Proteinase K (+PK) generates 50 and 40 kDa fragments from correctly folded FimD, as a result of the exposure of loop 7 at the cell surface. OM, outer membrane.
experimental demonstration of the polarity of the mechanism for strandwise β-barrel assembly reveals that the process is initiated from the C-terminal end of the substrate (Fig. 1g) . This provides mechanistic evidence for current speculation that suggests that BamA and TamA engage with a pair of β-strands in the substrate and that assembly would then proceed, strand by strand, into the membrane 12, 18 . S-cysteine for 40 s, followed by a chase with unlabelled methionine and cysteine for 60 min. Analysis was by SDS-PAGE, phosphor imaging and densitometry. WT, wild type. c, E. coli strains containing pKS02 (FimD) were assayed as in b, but with aliquots taken at 10 s and 2, 5, 10, 15, 30 and 60 min. Aliquots were treated with or without Proteinase K for 10 min, as indicated, followed by TCA precipitation. Analysis was by SDS-PAGE, phosphor imaging and densitometry. 'B' indicates the 45 kDa assembly intermediate. d, Histogram of the fitted first-order observed rate constants corresponding to the appearance of the N-terminal FimD fragment (N) or the single FimD fragment found in the ΔtamA and ΔtamB mutants ('B'). Error bars represent the standard error of fit, n = 4, **P < 0.001. e, E. coli strains containing pKS02 (FimD) were assayed as in c, except the cells also carried either pACYCDuet-1 ('−' complement) or the corresponding complementation plasmids ('+' complement): pCJS69 (TamA), pCJS72 (TamB), pCJS73 (BamB) and pCJS74 (BamE). The chase incubation was for 16 min, wherein the samples were treated with or without Proteinase K for 10 min, followed by TCA precipitation. Analysis was by SDS-PAGE and storage phosphor imaging. f, The indicated E. coli strains harbouring pKS02 (FimD) were assayed as in c, to measure the formation of Proteinase K-sensitive FimD fragments. The shaded triangle represents the time increment, where aliquots were taken at 10 s and 2, 4, 8, 16, 32, 64, 128 and 256 min, and samples were treated with or without (256 min time point only) Proteinase K for 10 min. Analysis was by SDS-PAGE and storage phosphor imaging. g, Representation of the regions identified as the ∼50 kDa N-terminal fragment, the ∼40 kDa C-terminal fragment in TAM+ (wild-type) E. coli and the ∼45 kDa 'B' fragment of FimD found in the ΔtamA and ΔtamB mutants of E. coli.
The various components of the BAM are depicted in Fig. 2a . Only bamA and bamD are essential for cell viability in E. coli. To dissect the relative contributions from the non-essential components of the BAM, we assayed deletion mutants for effects on the assembly of the FimD usher protein. Induction of FimD expression ( Supplementary Fig. 2 ) is equivalent in the mutants (Fig. 2a) , each of which expressed similar amounts of the usher protein, as judged by 35 S-labelling at 60 min (Fig. 2b) . Following the time course of FimD expression up to 60 min, Proteinase K-mediated fragmentation revealed that FimD assembly proceeded in the ΔbamB, ΔbamC and ΔbamE mutant strains at a similar rate to wild-type E. coli ( Fig. 2c and Supplementary Fig. 4) . Notably, the ΔtamA and ΔtamB mutants show a more significant defect in FimD assembly (Fig. 2c,d ). Curiously, a single protease-protected fragment of 45 kDa ('B') predominates in the Proteinase K digests (Fig. 2c,d ). This defect was corrected by plasmid-based complementation of the mutants (Fig. 2e ).
An extended assay for FimD assembly in the ΔtamA or ΔtamB mutants showed that, after 4 h of incubation, correctly assembled FimD was observed, as judged by the substantial appearance of the N-terminal and C-terminal fragments (Fig. 2f) . Epitope-tagging experiments ( Supplementary Fig. 5 ) and mass spectrometry ( Supplementary  Fig. 3 ) suggest that the 45 kDa fragment seen in the tam mutants represents a central portion of FimD excised by Proteinase K (Fig. 2g) . Taken together, these data suggest that the BAM complex assembles FimD into the outer membrane, but that the presence of the TAM is required for its efficient assembly from the C-terminus.
Experiments monitoring FimD assembly were assessed to ensure that a control periplasmic protein (BamD) remained intact under these conditions of Proteinase K treatment ( Supplementary  Fig. 6a ). Two other β-barrel proteins were assayed for assembly. PhoE oligomers can be monitored by semi-native SDS-polyacrylamide gel electrophoresis (PAGE) (Supplementary Fig. 6b ), where samples are not boiled before electrophoresis 19 and a time course of PhoE expression showed the assembly of the oligomers (Supplementary Fig. 6c ). No obvious defect was evident in the ΔtamA or ΔtamB mutants ( Supplementary Fig. 6d,e) . TolC requires the BAM complex for its assembly 20 , and assays revealed no obvious defect for TolC assembly in the ΔtamA or ΔtamB mutants ( Supplementary Fig. 7 ). Although we cannot exclude subtle defects in the assembly of these proteins, the activity of the TAM is more pronounced in its impact on the usher protein FimD.
Bacterial pathogens produce fimbriae to adhere to host tissues 21, 22 . In the case of uropathogenic E. coli (UPEC), the rapid deployment of fimbriae enables the pathogen to adhere to bladder epithelial cells and resist the hydrodynamic flow of urine that would otherwise lead to expulsion from the urinary tract. The FimH adhesin located at the tip of the type I fimbriae (Supplementary Fig. 1b) allows the pilus to Chromosome Figure 3 | The TAM is required for the rapid deployment of fimbriae. a, UPEC strain CFT073 was engineered with a kmRExTET cassette using lambda red mediated-homologous recombination to incorporate a tetracycline-inducible PLtet0-1 promoter upstream of the fimAICDFGH operon, replacing the natural, phase variable fimA promoter. The modified strain was referred to as CFT073-P tet -fim. b, UPEC strain CFT073-P tet -fim was subject to induction with AHT. The time for visible agglutination to occur was monitored in the presence of yeast cells at 20, 30, 40, 50 and 60 min post fim induction. Data were collected for CFT073-P tet -fim (TAM+), CFT073-P tet -fim (ΔtamAB) and the complemented mutant CFT073-P tet -fim (ΔtamAB)*. All experiments were performed in triplicate, and error bars indicate standard deviation. c, Plastic multiwell plates were coated with the mannose glycoprotein RNase B. The inducible fim UPEC strains were added to the surface and duplicate samples were subject to induction with AHT (black) or no induction (grey). Cells were incubated with orbital mixing for 20 min, after which unbound cells were removed and the c.f.u. mm −2 was determined. All experiments were performed in triplicate, and error bars indicate standard deviation, ****P = 0.0001.
bind α-D-mannosylated glycoproteins such as the uroplakins on the luminal surface of the bladder epithelium 23 ; this mannose-binding activity, essential for bladder recognition and colonization, can be assayed by measuring fimbrial-dependent cell agglutination activity 24 or the attachment of fimbriae to mannosylated surfaces 25 . To mimic a scenario in which the rapid response of fimbriae could be measured, we used a tightly controlled inducible promoter upstream of the genes encoding type 1 fimbriae on the chromosome of the UPEC reference strains CFT073 and UTI89 (Fig. 3a) .
In this cellular assay system, addition of the inducer anhydrotetracycline (AHT) is used as a proxy for the urinary tract stimulus that leads to the activation of fim transcription. In CFT073-P tet -fim, the addition of AHT led to the rapid production of functional type I fimbriae as measured by cellular agglutination (Fig. 3b) . In contrast, deletion of tamA and tamB in CFT073-P tet -fim significantly delayed the onset of type 1 fimbrial biosynthesis; at 20 min post induction with AHT, the time to agglutination for the CFT073-P tet -fim Δtam mutant was approximately threefold slower than for In PapC (red), the loop is structured with a tight turn that would be relatively insensitive to Proteinase K digestion. In FimD (yellow), the loop is protease-accessible.
CFT073-P tet -fim. Eventually, the agglutination time for both strains was equivalent. These functional data confirm that while the BAM complex can mediate translocation of the FimD usher, it does so inefficiently in the absence of the TAM. To measure the effect that this would have under the conditions of turbulence that would be more physiologically relevant to uropathogenic E. coli, we modified plastic surfaces with mannose and measured the capability of CFT073 or UT189 to adhere to the mannosylated surface. For both clinical isolates, the absence of the TAM diminished their ability to adhere to the mannosylated surfaces during the first 20 min of fimbriae induction (Fig. 3c) . Restoration of the TAM in the complemented strains restores the fimbrial attachment phenotype. Taken together, the data support the hypothesis that the presence of the TAM would provide a selective advantage to a bacterial pathogen that needs to deploy fimbriae rapidly.
FimD is but one of many diverse usher proteins that work to drive fimbrial production 22, 26 , and we sought to discover whether suppressing the function of the TAM would impact generally on the production of fimbriae. Four additional usher proteins (Fig. 4a) were subjected to biochemical assembly assays. PapC is the usher required for the production of the P fimbriae that mediate UPEC adherence to α-Gal(1-4)β-Gal receptor epitopes in the upper urinary tract 27 , and HtrE is the usher for the assembly of Yad fimbriae 21 . YbgQ and YfcU are two further ushers encoded by genes that are prevalent and highly conserved in a range of E. coli pathotypes [28] [29] [30] . These usher proteins are readily assembled into the outer membrane of E. coli (Fig. 4b) (Fig. 4c) and the greater accessibility of Loop 7 for FimD relative to PapC is in direct accord with measurements of Proteinase K susceptibility in the usher assembly assays for FimD and PapC. Fragmentation patterns of all other usher proteins suggest them to be structurally more similar to PapC than they are to FimD, the predominant form being ∼95 kDa protease-resistant proteins (Fig. 4b) , suggesting that no single loop in these ushers is protease-sensitive. All these usher proteins were observed to have defective assembly into the outer membrane in ΔtamA mutants.
Discussion
We conclude that the role of the TAM in catalysing the assembly of FimD will be general to the diverse usher proteins found in bacteria, and we speculate that other types of outer membrane proteins will also be substrates for the TAM. In BAM+ TAM+ E. coli, FimD assembly proceeds from the C-terminal end of the barrel domain and is completed rapidly (Supplementary Fig. 8 ). In mutants lacking the TAM (that is, BAM+ Δtam strains), the BAM complex initiates assembly from internal strands within the β-barrel, and assembly proceeds relatively inefficiently (Supplementary Fig. 8 ). In this model, we anticipate that the core BAM complex may protect the ∼45 kDa central 'B fragment' of FimD from the action of Proteinase K. Although there has been some conjecture in the literature that the TAM would function independently of the BAM complex on distinct substrate proteins, these latest data support a different view: that the TAM is a module of the BAM and that it functions synergistically with the core BAM complex. This mechanismbased model fits well with the recent findings that BamA and TamB appear to represent the progenitor subunits of the BAM 8 , with other subunits of the machinery having evolved later.
Ultimately, the usher will be assembled into a functional form with or without the TAM, but time matters in the environments that bacteria must colonize, and success in colonization requires rapid remodelling of the bacterial proteome, including efficient deployment of fimbriae to dock onto host cell surfaces. FimD expression is strictly regulated in uropathogenic E. coli under physiological growth conditions, with colonization of the urinary tract succeeding only for those members of the population that deploy fimbriae before being voided by the turbulence of urine flow 32 . This host-pathogen scenario provides evolutionary insight into the sorts of selection pressures that may explain the conservation of tamA and tamB to provide for optimal efficiency in outer membrane protein assembly.
Methods
Pulse chase assays in E. coli. Details of plasmids, primers and strains used in this study are available on request. Mutants were constructed in E. coli BL21 Star (DE3) using the linear fragment method 33 , by cloning a kanamycin resistance cassette in place of the gene of interest: either bamB, bamC, bamE, tamA or tamB. Plasmid constructs for fimD (pKS02), phoE (pKS07), tolC (pMB11) and ybgQ (pCJS40) from E. coli K-12 strain MG1655 were cloned into the vector pET-15b (Novagen). Complementing plasmid constructs for tamA (pCJS69), tamB (pCJS72), bamB (pCJS73) and bamE (pCJS74) from E. coli K-12 strain MG1655 were cloned into pACYCDuet-1 (Novagen). papC (pCJS32) from UPEC CFT073 was cloned into pET-22b(+) (Novagen), whereas htrE (pCJS49) and yfcU (pCJS33) from UPEC CFT073 were cloned into the vector pET-15b(+). The fimD containing a C-terminal strep-tag II (engineered sequence: ASWSHPQFEK) from a modified pAN2 vector 15 was further modified to include a TEV site (ENLYFQG) and two cysteine substitutions, replacing amino-acid residues 452-458, 88 and 756 of the mature protein. This modified fimD was subcloned into pET-15b to generate pCJS29. To generate the N-terminal strep-tagged fimD, the fimD signal peptide (amino-acid residues 1-45 of the pre-protein) was replaced by strep-tag II and subsequently inserted into pET-22b(+) to incorporate the vector's pelB signal sequence, generating pCJS51. To generate the internally His 6 -tagged fimD, HHHHHHSG was inserted between P211 and L212 (in the turn between β-strands 4 and 5) or between S563 and D564 (in the turn between β-strands 18 and 19) of the mature protein and these modified fimD were subsequently inserted into pET-15b, generating pCJS65 and pCJS66, respectively. The accession numbers for the sequences used for each substrate protein are given in the 'Accession codes' section.
For ). M9+S prepared without methionine and cysteine and 1 mM MgCl 2 in place of MgSO 4 was also used (M9-S). When required, antibiotics were used at the following final concentrations: ampicillin, 100 µg ml −1 ; kanamycin, 30 µg ml . Samples for pulse-chase experiments were from cells incubated in LB to mid-log phase and then resuspended in M9-S. After 30 min incubation, 20% (vol/vol) glycerol was added and aliquots of cells were snap frozen in liquid nitrogen and stored at −80°C. Each biological replicate was a batch of cells prepared independently, and aliquots of the same batch were considered technical replicates.
Cells were thawed on ice, and resuspended in M9-S. Addition of 0.5 mg ml rifampicin followed by 37°C incubation for 60 min was used to inhibit native E. coli RNA polymerase. T7 RNA polymerase-based transcription was induced with 0.2 mM isopropyl-β-D-thiogalactoside (IPTG) for 5 min (25°C for TolC, 30°C for fimbrial ushers, 37°C for PhoE). Cells were 'pulsed' with 22 µCi ml For fimbrial ushers, aliquots were removed and incubated on ice for 10 min with or without 50 µg ml −1 Proteinase K (PK solution, Promega). Alternatively, where indicated, aliquots were incubated at 30°C for 30 min with 100 µg ml −1 TEV supplemented with 1 mM dithiothreitol (DTT). Cells were incubated for a further 5 min on ice with 10% (vol/vol) trichloroacetic acid (TCA), before centrifugation. Following at least one acetone wash, pellets were resuspended in SDS-loading buffer and boiled for 3 min. Alternatively, for TolC or PhoE, duplicate aliquots were removed and incubated in Semi-Native Sample Buffer (final concentrations of 0.2% wt/vol SDS, 10% vol/vol glycerol, 0.01% wt/vol bromophenol blue, 40 mM Tris, pH 6.8) for 10 min at either 37 or 100°C.
Samples were separated by electrophoresis using SDS-PAGE gels or, for TolC and PhoE experiments, 4-16% continuous semi-native (SN) gels. The SN gels were prepared according to standard SDS-PAGE protocols, except that SN buffer (0.5 mM EDTA, 375 mM Tris, pH 8.8) was used in place of separating and stacking SDS buffers, and electrophoresis was performed using MES running buffer (50 mM MES, 0.5 mM EDTA, 0.2% wt/vol SDS, 50 mM Tris, pH 7.3) in place of SDS running buffer. In all cases, proteins were transferred to 0.45 µm nitrocellulose membranes. Air-dried membranes were imaged using a storage phosphor screen (GE Health Sciences) and analysed using Typhoon Trio (detection set to 320 nm).
In densitometry analyses, each lane on a gel was normalized to itself, with the total density count per band being normalized to unity. For example in the TolC/PhoE data, the phosphor density for each time point was normalized to itself to account for loading and pipetting differences between time points. This made following the formation of multimers/disappearance of monomers more consistent across each experiment and allowed for correct averaging across biological and technical repeats.
Western detection using rabbit sera against BamD or FimD was, where indicated, performed before storage phosphor imaging.
Mass spectrometry (MS) analysis. Samples were prepared using the pulse-chase method described above, except that cells were induced for 30 min before blocking with rifampicin for 45 min, the 35 S-labelling step was omitted and the chase time was 16 min. Samples were separated as above and bands corresponding to the fractions were excised for MS.
The four bands corresponding to FimD (full-length FimD and the N, B and C fragments) were excised and subjected to in-gel tryptic digestion 35 . The resulting tryptic peptides were resolved by reverse-phase chromatography performed on a Dionex Ultimate 3000 UHPLC system (Thermo Scientific) connected to a 50 cm Acclaim PepMap RSLC analytical nano-column (C18, 2 µm, 100 Å, Thermo Scientific). The peptides were eluted at a flow rate of 0.25 µl min −1 using a linear gradient of 2 to 34% (vol/vol) acetonitrile in 0.1% (vol/vol) formic acid over 30 min. Mass spectrometry was performed using a Q Exactive Plus mass spectrometer (Thermo Scientific) in positive mode using repetitively full MS scan followed by higher-energy collisional dissociation of the ten most dominant ions selected from the first MS scan.
For analysis of the liquid chromatography tandem-mass spectrometry (LC-MSMS) data, Thermo LC-MSMS data files from analysis of tryptic digests of FimD-containing gel slices were analysed with Morpheus 36 . Up to 400 peaks per spectrum were matched against a UniProt E.coli database containing 4,304 target sequences (and an equivalent number of 'on-the-fly' decoy sequences) using tryptic enzyme specificity with up to three missed cleavages. Mass tolerances were 10 ppm for both precursor and fragments, with an applied monoisotopic precursor correction of ±1. A 1% false discovery rate threshold was applied to the results, yielding 4,125 unique target peptide sequences from 476 target protein groups, with 31 peptides matching the canonical FimD sequence (P30130). A subsequent non-tryptic search yielded 69 peptides from FimD (including 29 of the 31 previously identified peptides), most of which were low abundant potential degradation products. Label-free peptide-level quantitation was achieved using Skyline software 37 (version 3.1.0.7382, University of Washington). Briefly, the search results and mzML spectral files (generated with msconvert) were used to construct a Bibliospec spectral library in Skyline. Precursor chromatographic peak areas for three to five isotopes of identified peptides from FimD (UniProt accession P30130) were extracted from the raw MS data. Retention times, isotope dot product values and mass errors of detected peaks were manually verified to correlate with the observed and expected values, respectively. Peaks with isotope dot products below 0.9 or average absolute mass errors >10 ppm were removed from further analysis. Protein coverage maps were created by calculating the total peak area assignable to each amino acid in the protein, removing peaks less than 2% of the sample's maximum to remove noise/carryover and normalizing across samples to remove bias against poorly ionizing peptides.
Fimbrial function measured by cell adhesion assays. Due to the high content of mannosylated proteins in yeast cell walls, yeast cells were used in cell adhesion assays as described in ref. 24 . To measure type 1 fimbriae biogenesis in CFT073-P tet -fim, UTI89-P tet -fim (UTI89-P tet -fim has been described previously 38 ) and their tamAB mutant derivatives and complemented strains, we measured the capacity of the strains to mediate agglutination of yeast cells following induction with AHT. Overnight cultures of each strain were standardized to an optical density at 600 nm (OD 600nm) of 0.5 before inducing with 0.5 µM AHT and incubation at 37°C with 250 r.p.m. shaking. At 10 min intervals (time points 10, 20, 30, 40, 50 and 60 min post-induction), samples of the cultures were taken and assayed for their capacity to mediate yeast cell agglutination as described in ref. 24 . The time to cause visible agglutination was monitored. Mannose-displaying surfaces were generated as described in ref. 25 . Briefly, the mannose containing glycoprotein bovine RNase B was adsorbed to the surface of six-well tissue-culture-treated multiwell plates by incubating 1.5 ml of 20 µg ml −1 RNase B in 200 mM bicarbonate buffer at 4°C overnight. The plates were subsequently blocked with 5 ml of PBS with 0.2% BSA.
P tet -fim modified UPEC strains were grown to mid log phase in LB, induced for 20 min with AHT, and normalized to an OD 600nm of 0.5. A 2 ml volume of this was added to the RNase B-treated multiwell plates, and fimbriae production was expressed with 250 ng ml −1 AHT. The plates were incubated at 37°C with shaking (100 r.p.m., 2.5 cm orbit) for 20 min post-induction, and non-adherent cells were removed and the plates washed twice with 4 ml PBS. PBS (1 ml) was added to the wells and the adherent cells removed by thorough scraping with a cell scraper. The number of cells per millimetre of surface was determined through serial dilution of the removed cells and plating on LB agar. Accession codes. Sequences for FimD (NP_418737), PhoE (NP_414776), TolC (NP_417507), TamA (NP_418641), TamB (NP_418642), BamB (NP_417007), BamE (NP_417107), PapC (NP_755465), HtrE (NP_752120), YbgQ (NP_415246) and YfcU (NP_754765) can be found at www.ncbi.nlm.nih.gov/protein.
